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Essential requirements for successful all-ceramic crown restorations include good esthetics, high fracture resistance, and precise marginal fit. 1 Dissolution of the luting agent and microleakage are associated with increased crown margin discrepancies. 2 Subsequent microleakage can lead to irritation and inflammation of a vital pulp, potentially leading to endodontic problems. 3, 4 Poor marginal adaptation can lead to secondary caries 5 and affect the health of the periodontium by contributing to increased plaque retention and changes in the subgingival microflora. [6] [7] [8] Areas of stress concentration can be created in a restoration related to variations in fit resulting from poor margin adaptation. This can decrease a restoration's longevity. 9 Computer aided design-computer assisted manufacturing (CAD/CAM) technology was introduced to dentistry in 1971.
Advancements in digital impression systems and CAD/CAM milling technologies have enabled fabrication of restorations exhibiting a clinically acceptable fit. 10 The advantages of using CAD/CAM technology to fabricate crowns are: decreased chair time, elimination of a second delivery appointment, elimination of provisionalization, elimination of errors caused by dimensional changes of materials and impression techniques, and improved communication between the clinician and the laboratory. 11 Accuracy of fit of CAD/CAM ceramic crowns is a principle concern.
12 A wide range of variables including the scanning process, software design, milling, and shrinkage following final firing of the restoration can affect the marginal accuracy of these restorations. 13, 14 Both in vivo and in vitro studies have reported a wide range of marginal gaps seen with CAD/CAM restorations fabricated via the CEREC system (Dentsply Sirona, Charlotte, NC). [15] [16] [17] [18] In general, research has shown that CAD/CAM crowns fabricated via the CEREC 3 system demonstrate better marginal fit than CEREC 1-and CEREC 2-fabricated restorations. 19 Fabrication procedures such as the porcelain firing cycle can affect the marginal fit of all-ceramic restorations and influence their ultimate success. 20, 21 Studies have also found that the marginal fit of CAD/CAM restorations are comparable to those generated from traditional impressions. [22] [23] [24] Lithium disilicate glass-ceramic material was introduced by Ivoclar Vivadent (Amherst, NY) for fabrication of anterior and posterior crowns, inlays, onlays, and veneers. There are two types of this material available, an ingot that can be press-fit (IPS e.max Press; Ivoclar Vivadent) or as a block that can be milled using CAD/CAM technology (IPS e.max CAD; Ivoclar Vivadent). 25 There is a two-stage crystallization process for milled lithium disilicate blocks. 26, 27 Vita Enamic is the first dental hybrid ceramic to possess a dual network structure. The dominant ceramic network is reinforced with a polymer network. The manufacturer recommends the use of this material to restore posterior teeth, especially where there is limited space available and a need for minimally invasive restorations. This material exhibits high strength; excellent edge stability after milling, which ensures precision fit restorations; excellent milling properties; and minimal wear of milling tools. It also allows for minimal tooth reduction. [28] [29] [30] Holmes et al introduced a classification for marginal gap in 1989. 31 According to their classification "the perpendicular measurement from the internal surface of the casting to the axial wall of the preparation is called the internal gap and the same measurement at the margin is called the marginal gap."
32 Different values for marginal fit have been reported throughout the literature. They range from 7.5 to 206.3 µm. 32, 33 McLean and Von Fraunhofer proposed a marginal gap and cement thickness of less than 120 µm for successful restorations after evaluating more than 1000 crowns following 5 years of service. 34 With the advent of new restorative CAD/CAM materials, there is a growing need to explore the accuracy, durability, and patient satisfaction with restorations fabricated from these materials. The purpose of this study was to compare the marginal accuracy of two of these materials. Vita Enamic, unlike lithium disilicate (IPS e.max Press) does not require an additional crystallization firing cycle. For this reason, marginal gap comparisons between Enamic and lithium disilicate were made before and after crystalization firing for lithium disilate. Research hypothesis H0 (1): There is no difference in the marginal fit of CAD/CAM copings made from hybrid ceramic (Vita Enamic) blocks and lithium disilicate (IPS e.max CAD) blocks. H0 (2): There is no difference in the marginal fit of CAD/CAM copings made with lithium disilicate (IPS e.max CAD) blocks before and after crystallization firing.
Materials and methods
Historical data was used to calculate the sample size for this study. 35 Assuming an alpha level of 0.05 and power of 80%, at least 12 specimens were needed to determine if a there was a significant difference between the marginal fit of milled lithium disilicate crowns before and after crystallization. A total of 30 specimens were used in this study. Specimens were divided into two groups: 15 lithium disilicate specimens and 15 hybrid ceramic specimens.
A standardized master stainless steel die was designed and fabricated at the University of Pittsburgh, Swanson School of Engineering. Specifications of the metal master die included an 8°taper of the axial walls and a 90°shoulder finish line. A buccal anti-rotation flat surface with a 12°taper was prepared to enable identification of the buccal, lingual, mesial, and distal surfaces and to aid in the orientation of the coping under the microscope.
The coping was designed to have a material thickness 2 mm on the occlusal surface and 1.5 mm on the axial walls. A plastic coping was fabricated along with the master die to be scanned as a biogeneric reference.
The stainless steel master die was mounted in a stone block. A Ney dental surveyor (Dentsply) was used to mount the master die parallel to the base. Rock Solid stone (Whip Mix, Louisville, KY) was poured into the base former and allowed to set for 30 minutes before being removed from the surveyor. The square base was trimmed and labeled on each surface. The surface facing the flat anti-rotation feature of the die was labeled as buccal. Mesial, distal, and lingual surfaces were labeled accordingly. Two strips of red rope wax (Henry Schein Inc., Melville, NY) were placed on the mesial and distal surfaces. On one side the rope wax was bent into the shape of a chevron, and on the other side it was bent to form a half circle. This was done to aid the CEREC software to distinguish between the mesial and distal surfaces for the proper orientation of the coping (Fig 1) . The CEREC 3 system software (v4.3.1) available at the Department of Prosthodontics, University of Pittsburgh School of Dental Medicine, was used to scan and design the copings. Tooth #19 was selected as the site for crown fabrication with the setting of the biogeneric copy. The master die along with the rope wax markers on the base were sprayed with CEREC Optispray (Sirona). The die was then scanned using the CEREC AC Bluecam. Multiple images were made of the master die including the wax markers. Overlapped images were evaluated for satisfactory capture of all master die margins and surfaces. After a prefabricated coping was placed on the master die and sprayed with CEREC Optispray, the die and the coping were scanned with CEREC AC Bluecam for a biogeneric copy. The overlapped images of the die and the coping were evaluated for proper seating of the coping (Fig 2) . System parameters were set according to the CEREC 3 manual for fabrication of all-ceramic crowns. Cement space was set to 80 µm. This number was determined by pilot study within the recommendations of the manufacturer. After the margins were traced on the virtual model, the final image was saved for fabrication of all IPS e.max CAD and Vita Enamic specimens tested in this study. The two groups of specimens were then milled.
A new set of burs (Sirona CEREC/inlab step bur 10 and Cylinder pointed bur) were inserted into CEREC inlab 3 milling unit (Sirona) for milling of the 15 lithium disilicate specimens. A new set of burs was inserted into the milling unit to fabricate 15 hybrid ceramic specimens. All the specimens were designed and milled under the supervision of one operator assisted by one lab technician. All specimens were steam cleaned to remove any milling residue from the intaglio of the copings after the milling process. The specimens were numbered according to the milling sequence.
A design microscope in the Biomedical Science Department at the University of Pittsburgh Medical Center was used to image and evaluate the marginal sites. Images were captured on a Olympus MVX10 Macroview Microscope (Olympus America, Center Valley PA) using Metamorph v. 7.7 (Molecular Devices, Sunnyvale, CA). Each coping was seated on the master die and secured with a clamp. The clamp assured the seating of the copings with a standard pressure of 5.5 lbs. The copings were viewed under a magnification of 14× (Fig 3) . The images were transferred to image-analyzing software (Metamorph) and if satisfactory, were saved and labeled according to the surface recorded. Four images were taken of each coping at the interface of the margin and the die. Four consistent sites (buccal, distal, lingual, mesial) were recorded for each specimen. At the end of each imaging session a standard millimeter ruler was imaged to be used for calibration of the measurements recorded. Using the same image-analyzing software, pictures of each marginal area (buccal, distal, lingual, and mesial) were then magnified. The marginal gap was measured in µm with a line measurement tool. It measured the vertical distance between the margin of the coping and the margin of the die according to Holmes et al's definition of marginal gap. 32 Fifteen line measurements were recorded per surface (Fig 4) . Sixty measurements were made for each coping. The measurements were saved in Office Excel 2007 software (Microsoft Inc., Redmond, WA) for future statistical analysis. For each surface the mean of 15 measurements was used for comparison.
To minimize imaging and measurement errors, all the procedures for imaging and measuring the marginal gaps of all specimens were conducted by the same operator. No preseating internal adjustments were made prior to marginal gap measurements.
Following the first set of measurements, the lithium disillicate copings were crystallized using a ceramic furnace with settings recommended by Ivoclar Vivadent Company for firing IPS e.max CAD blocks. Following the manufacturer's manual, the copings were mounted on the crystallization tray using a crystallization pin and IPS Object Fix Putty (Ivoclar Vivadent). All copings were labeled. Crystallized copings were then seated on the master die, and marginal gap measurements were recorded in the same manner as described for the precrystallized lithium disilicate and hybrid ceramic copings. Marginal gap measurements of a lithium disilicate test specimen were repeated for both before and after crystallization to verify reliability of the measuring system. Two set of measurements were taken in two different sessions to assure reliability of the measuring technique. Three sets of data were collected during this study: (1) marginal gap values for lithium disilicate copings before firing (precrystallized phase); (2) marginal gap values for lithium disilicate copings after firing (crystallized state); and (3) marginal gap values for hybrid ceramic copings.
A two-sample t-test was used to statistically analyze the difference in marginal gap between lithium disilicate copings and hybrid ceramic copings; paired t-test was used to analyze the difference in marginal gap of lithium disilicate copings before and after crystallization firing. The Kruskal-Wallis test was performed to evaluate whether the marginal gap was significantly different across the region of measurement within each group.
Results

Comparison of marginal gap of precrystallized lithium disilicate copings and hybrid ceramic copings
A two-sample t-test was used to compare differences in marginal gap between the precrystallized lithium disilicate copings and the hybrid ceramic copings. The mean marginal gap for the lithium disilicate group before firing was 70.07 µm, while the mean marginal gap of hybrid ceramic group was 47.91 µm. The difference in marginal gap width between two groups was statistically significant (p < 0.04) ( Table 1) . Comparison of the marginal gap of copings milled from lithium disilicate blocks before and after firing
A paired t-test was used to compare differences in marginal gap of lithium disilicate copings before and after crystallization firing. The mean difference in marginal gap showed that lithium disilicate specimens on average had an increase of 62 µm after the firing cycle. This difference was significant ( Table 2) .
Comparison of marginal gap of crystallized lithium disilicate copings and hybrid ceramic copings
A two-sample t-test was used to analyze differences in marginal gap between the crystallized e.max group and the Enamic group. The mean marginal gap width for the lithium disilicate copings was 132.25 µm. The hybrid ceramic coping group demonstrated a mean marginal gap of 47.91 µm. The difference in marginal gap width between the two groups was statistically significant (p < 0.01) ( Table 3) . Copings in all three groups showed an increase in marginal gap from coping #1 to coping #15 (Fig 5) . In the group of crystallized lithium disilicate copings (e.max fired), coping #1 up to coping #8 show a marginal gaps less than 120 µm, and marginal gaps measured for copings #9 through #15 were greater than 120 µm. In the precrystallized lithium disilicate group (e.max unfired), all the copings had marginal gap below 120 µm except for coping #12. All the marginal gaps measured for hybrid ceramic group (Enamic) were less than 120 µm. A stratified analysis of marginal gap within each region using paired t-tests showed that marginal gap was significantly different before firing than it was after firing for each of the four regions. The greater gap appeared after firing
Comparing the Enamic and precrystallized e.max copings, the marginal gap was significantly different only in the lingual region (p < 0.001); however, the mesial region was marginally statistically significant (p = 0.047). When comparing the Enamic and crystallized e.max copings, the marginal gap was significantly larger for all four regions of measurement after firing. Marginal gap was not significantly different among the four regions in the Enamic group (p = 0.054); however, marginal gap was significantly different among the four regions in the e.max unfired group (p = 0.015) as well as among the same four regions after firing (p = 0.003).
Discussion
This study evaluated the marginal gap of copings fabricated from hybrid ceramic (Vita Enamic) blocks and lithium disilicate (IPS e.max CAD) blocks. Different studies have used different testing methods to evaluate the marginal gap of crowns. This difference in testing techniques has resulted in variability of the marginal gap values found for CEREC crowns. In general the methods for measuring marginal gap can be divided into two groups: (1) invasive or destructive methods such as cross sectioning to measure the film thickness;
19,36-38 (2) noninvasive or nondestructive methods such as direct viewing, replica, scanning, and superimposition techniques. 19, 34, 37, 38 Since in this study the aim was also to evaluate marginal gaps of lithium disilicate copings before and after firing, the measurement methods that required cross-sectioning or cementation of the specimens could not be used. Imaging the marginal gap area under microscope and use of image analyzing software for measurements was a noninvasive method.
Several CAD/CAM studies have used master metal dies. 24, [39] [40] [41] [42] [43] [44] [45] [46] The advantages of using a master metal die are a standard preparation, as well as wear resistance during fabrication and measurement procedures. 40 The finish line design for the master die in this study was a circumferential shoulder. Past studies have investigated the influence of finish line design on the fit of CAD/CAM ceramic crowns. All studies concluded that there was no significant difference between marginal fit of ceramic crowns using finish lines of different designs. 47, 48 Three different comparisons were made of the marginal gap of the milled copings. The first test compared the marginal adaptation of precrystallized lithium disilicate copings with the marginal adaptation of hybrid ceramic copings. Results indicated that there was a significant difference between the mean marginal gap values of uncrystallized lithium disilicate copings fabricated from the IPS-e.max CAD blocks and the marginal gap values of hybrid ceramic copings fabricated with Enamic blocks. The lithium disilicate copings before crystallization showed a mean marginal gap of 70 µm, which is clinically acceptable according to studies done by McLean and Von Fraunhofer (<120 um). 34, 36 A second test compared the marginal gap of precrystallized lithium disilicate copings with those of copings that have undergone final firing. According to some studies, significant changes were experienced in the marginal adaptation and integrity following the final firing cycle for CAD/CAM crowns fabricated with lithium disilicate blocks. 47, 48 The results of this study were similar to those reported by Gold et al who concluded that lithium disilicate CAD/CAM crowns experienced an increase in marginal gap following crystallization firing. 35 However, they did report clinically acceptable marginal gaps before and after crystallization for lithium disilicate crowns (<120 µm). This study found marginal gaps greater than 120 µm for lithium disilicate copings after crystallization firing. This finding is in contrast with findings of recent similar studies conducted by Anadioti et al 24 and Gold 35 who reported marginal gaps of less than 120 µm (84 and 59 µm, respectively) for crystallized lithium disilicate CAD/CAM crowns. The significant effect of the crystallization cycle on marginal gap may be solely due to the shrinkage of the material causing distortion. In the third test a significant difference was observed when mean marginal gaps of lithium disilicate copings after firing and mean marginal gaps of hybrid ceramic copings were compared.
Different studies on marginal adaptation of ceramic CAD/CAM crowns have been inconsistent in their findings. Such differences could be due to variations in study designs, scanning systems, milling systems, abutment design (stainless steel die, typodont teeth, extracted teeth, etc.), and measurement system used. Based on results of this study and the previous studies, using materials for CAD/CAM blocks that do not require further crystallization firing show superior marginal adaption than those that require additional steps in fabrication after milling. Another advantage of such materials is less fabrication time and shorter appointments.
This study followed manufacturers' recommendations for milling the copings in both groups. New burs were used in the milling unit at the start of each group. The mean marginal gap of the copings in both groups showed a gradual increase in value from milled coping #1 to milled coping #15. Although all variables such as coping design, milling system, and operator were kept the same for all specimens, within the same group there was a significant difference between the mean marginal gap values of the first milled coping vs. the final milled copings. The only variables that were not kept consistent for the specimens were the burs used for the milling unit. This could be a possible explanation for the gradual increase of marginal gap values within a group. According to the manufacturer's recommendation the CEREC system notifies the operator when the burs need to be changed. The burs were not changed during preparation of the test copings. The mean marginal gap of the first 13 milled copings in the e.max-fired group were within the clinically acceptable range (119.04 µm); however, after the milling continued for fabrication of copings up to #15, a significant increase in marginal gap from coping #9 to #15 was observed, which increased the mean marginal gap of the 15 copings to 132 µm. This is above the suggested clinically acceptable marginal gap (>120 µm). Results of marginal gap measurement in the e.max group show that coping #1 up to coping #8 had marginal gaps less than 120 µm (clinically acceptable marginal gap); therefore, due to the fact that bur wear can affect the cutting efficiency, it is suggested that the milling burs be changed after fabrication of eight lithium disilicate copings with CEREC inlab 3 milling unit. Wear of the milling burs during consecutive milling could play a role in the efficacy of their cutting ability and therefore may have resulted in discrepancies in the marginal area of the copings. The mean marginal discrepancy within the hybrid ceramic group was significantly less than that of the lithium disilicate group. This difference could be due to differences in their physical properties. Hybrid ceramic blocks are softer (dual network of ceramic and composite) than lithium disilicate CAD/CAM blocks. They can be milled faster and cause less wear of the milling burs. No studies could be found in the literature that addressed the effect of milling bur wear on the marginal integrity of the milled crowns. There is a need for research to investigate the correlation between the milling bur wear and marginal discrepancy of CAD/CAM crowns.
Earlier studies on marginal discrepancies of ceramic crowns and CAD/CAM-generated crowns have been conducted using a variety of methods and materials. This study used a standardized stainless steel die due to its resistance to wear. A flat die surface was created on the buccal aspect of the die to provide antirotation and ease of identification of the four surfaces. Although all the die surfaces and angles were rounded, it is a possible that cutting the angles of the flat surface may have become less efficient due to wear of the milling burs. This in turn could have affected seating of the copings. Wear occurred less when milling the hybrid ceramic blocks compared with the lithium disilicate blocks due to the softer composition of the material. This can explain the superior marginal accuracy of hybrid ceramic copings in this study.
The simplified master die design in this study may not represent average clinical situations for preparing teeth for CAD/CAM crowns. This could be considered as a limitation of this study. CAD/CAM systems tend to create better marginal fit on tooth preparations with simple or no anatomy. 49 Another limitation of this study was that an older generation of CEREC scanning device (Bluecam) and milling unit was used. Newer generation scanning devices and milling units may have advantages over the older generations regarding fabrication of more accurate crown margins.
